Magnetic micro-and nanoparticles (MPs) are considered to provide excellent solid support for many immunoanalytical and bioaffinity applications, particularly when they contain hydrazide groups available for site-specific immobilization of various glycoproteins, such as immunoglobulin G and enzymes. To prepare a highly active bioaffinity carrier with sufficient binding capacity, knowledge as to the type and concentration of functional groups used for ligand binding is crucial. Described here is a simple, nontoxic method for rapid estimation of hydrazide functional groups bound to MPs using bicinchoninic acid (BCA). BCA kits are routinely used for colorimetric detection and quantification of total protein in liquid samples. In this study, the BCA reagent was applied for quantification of hydrazide groups on MPs. The approach was carried out using an adipic acid dihydrazide (ADH) solution and subsequently using various hydrazide-containing magnetic and nonmagnetic carriers differing in the density of hydrazide groups. The BCA test's results obtained on the MPs were compared with those from conventional amino and hydrazide group quantification by the 2,4,6-trinitrobenzenesulfonic acid (TNBS) test.
Introduction
Interest in covalent binding of proteins to planar or spherical solid supports is associated with the rapid development of new affinity carriers and enzyme catalysts [1] . In particular, magnetic micro-and nanoparticles (MPs) are increasingly considered solid supports suitable for many immunoanalytical and bioaffinity applications, such as isolation and purification of target biomolecules [2] [3] [4] , diagnostics [5, 6] , and efficient therapy involving drug delivery [7] . One of the basic premises for such applications is a stable, preferably covalent, linkage between the solid support and the ligand to be immobilized. It has been repeatedly proven that controlled orientation of the coupled ligand is one of the factors improving the molecular recognition and binding efficiency of molecules to be captured. One widely used coupling method involves site-specific immobilization of glycoproteins (enzymes, hormones, and/or antibodies) through their carbohydrate moieties on hydrazide solid supports [8, 9] . In the case of antibodies, such as immunoglobulin G (IgG), carbohydrate residues are localized on the Fc fragment which is not involved in antigen recognition. As a result, the fragment antigen-binding (so-called "Fab") remain sterically available for specific reaction with the antigen as the target molecule [10] . The efficiency of such immunomagnetic carriers is considered to be nearly identical to that of biotinstreptavidin systems, yet they are simple and cost-effective. Moreover, they are 2.5 times more efficient than is random coupling of IgG molecules via amino groups [11] .
Proper estimation of the particle/protein ratio and concentration of the protein to be immobilized in the binding buffer with the proper amount of MPs are crucial for effective and low-cost coupling. The surface of the MPs must contain a sufficient density of uniformly distributed functional groups. Information about this density is often not available, and so subsequent evaluation is necessary. The conventional method for amino and hydrazide group quantification includes the 2,4,6-trinitrobenzenesulfonic acid (TNBS) test, which comprises three steps involving work with toxic reagents such as TNBS and methanol. Moreover, the procedure requires approximately 3 h to complete.
Therefore, an easy, rapid, low-cost, and low-toxic method for quantifying hydrazide groups on magnetic carriers based on bicinchoninic acid (BCA) is needed. This one-step procedure requires only 1 h incubation at 60°C with BCA containing Cu 2+ ions. BCA kits are routinely used for the colorimetric detection and quantification of total protein. In this procedure, Cu 2+ ions are reduced by protein to Cu + , which reacts with two BCA molecules to produce a purple end-product absorbing light at 562 nm [12, 13] . In this report, a BCA kit is employed in an alternative way for the determination of substances that normally interfere with BCA during total protein determination [14] . Such application was first described by Kakabakos et al. [15, 16] who used BCA for the determination of various functional groups, such as sulfhydryl, aldehyde, hydrazide, N-hydroxysuccinimide, and/or tyrosine, thyroxine, or cysteine on Sepharose. The method has been applied also for the determination of amino groups [17] .
The aim of this work was to confirm that this method is suitable for the determination of hydrazide functional groups on the surface of MPs. Control experiments were performed with adipic acid dihydrazide (ADH) in solution, where the amount of hydrazide groups was known. Subsequently, reactions with MPs with and without hydrazide groups were investigated. Finally, various carboxyl group-containing MPs were functionalized with ADH ( Figure 1 ) and the amount of hydrazide groups was determined by BCA and verified by the TNBS test [18] .
Materials and Methods

Chemicals. ADH, N-(3-dimethylaminopropyl)-N′-ethyl-
carbodiimide hydrochloride (EDC), and TNBS were purchased from Sigma-Aldrich (St. Louis, MO, USA). A Pierce BCA Protein Assay Kit and N-hydroxysulfosuccinimide (S-NHS) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Glycine, potassium tetraborate tetrahydrate, and methanol were purchased from Penta (Prague, Czech Republic).
Magnetic Particles.
SiMAG-active silica MPs (1 μm) containing carboxyl and/or hydrazide groups were purchased from Chemicell (Berlin, Germany) and were used as positive and negative controls. Noncommercial microspheres of two types were produced by the Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic (Prague, Czech Republic): magnetic poly(glycidyl methacrylate) (PGMA) particles with carboxyl groups (PGMA-COOH) and/or magnetic poly(2-hydroxyethyl methacrylate) (PHEMA) with hydrazide groups (PHEMA-NH-NH 2 ). Both microsphere types were 4.5 μm in diameter and were prepared by multistep swelling polymerization of glycidyl methacrylate (GMA) and/or 2-hydroxyethyl methacrylate (HEMA) with a carboxyl-containing monomer [19] followed by precipitation of iron oxides inside the pores [20, 21] . Hydrazide-containing nonmagnetic bead cellulose (80-100 μm in diameter) was used as a standard with declared hydrazide group content (15 μmol/mL) [22] .
Modified TNBS Test.
The protocol for hydrazide quantification was based on a previously published method [18] , but the reaction volumes were decreased 10-fold. An aliquot of MPs (1-5 mg) was washed three times with distilled water using a DynaMag magnetic separator (Life Technologies, Carlsbad, CA, USA), and 900 μL of 0.1 M potassium tetraborate tetrahydrate and 100 μL of 3 mM TNBS were added. The same protocol without the particles was used for the reference blank. Mixtures were incubated at 37°C for 2 h with rotation. After incubation, 500 μL of 0.1 M potassium tetraborate tetrahydrate and 100 μL of particle supernatant were added to two new tubes. Then, 50 μL of 30 mM glycine was added to the first tube (sample), while 50 μL of distilled water was added to the second tube (sample blank). Incubation at room temperature (RT) for 25 min with rotation followed, and 1 mL of cold methanol was added to each tube. Absorbance was measured in a 1 cm quartz cuvette at 340 nm against the blank on a Libra S22 UV/VIS spectrophotometer (Biochrom, Cambridge, UK).
2.4. BCA Assay. An aliquot of MPs (1-5 mg) was washed 1x with 1.5 mL distilled water. The BCA reagent (BCA containing the Cu 2+ ions) was prepared according to the recommendations of the BCA kit's supplier. Then, 0.5 mg of MPs was resuspended in 500 μL of the reagent, and the mixture was incubated at 60°C for 1 h with rotation. After incubation, MPs were separated using a magnetic separator and the 2 Journal of Spectroscopy absorbance of 200 μL supernatant was measured in a microtitration plate at 570 nm against the reagent blank using a Multiskan RC reader from Labsystems (Franklin, MA, USA).
Functionalization of Carboxyl-Containing Particles by ADH.
A magnetic carrier containing carboxyl groups (1 mg) was washed three times with 1.5 mL of 10 mM phosphate buffer (pH 6.0) and activated by zero-crosslinker EDC and S-NHS. MPs were mixed with 3 mg S-NHS and 4 mg EDC dissolved in 500 μL of 10 mM phosphate buffer (pH 6.0). The suspension was incubated at RT for 15 min with rotation, and the MPs were washed with 1 mL of 2 mM HCl. The MP pellet was immediately resuspended in 500 μL of 20 mM phosphate buffer (pH 7.5) with 6 mg ADH and incubated at RT for 2 h with rotation. Functionalized 
Results and Discussion
Quantification of Hydrazide Groups on Magnetic
Particles Using BCA Reagent. The first experiments were designed to confirm the assumption that the BCA reagent may be used to estimate the amount of hydrazide groups on MPs. A standard ADH solution in a concentration range of two orders of magnitude (0.022-2.2 mmol/L) was investigated. The absorbance level at 570 nm linearly correlated with the molarity of ADH (Figure 2(a) ). The use of the standard ADH solution should eliminate the potential influence of the magnetic solid support and generate a signal coming only from the hydrazide groups. In the next step, Chemicell MPs with or without hydrazide groups (optionally with carboxyl groups) served as a standard in investigating the significance of differences in their absorbance signals. A strong linear correlation was observed between absorbance mediated by the BCA reagent and an increasing amount of hydrazide MPs (0-1.5 mg; Figure 2(b), dashed line) . On the other hand, and as expected, the signal from carboxyl MPs (continuous line in Figure 2(b) ) almost did not change with an increasing amount of the hydrazide carrier (absorbance at 570 nm was 0.07 per mg of MPs).
To quantify the amount of hydrazide groups on the particles, the interaction between the nonmagnetic macroporous bead cellulose and a declared amount of hydrazide groups (15 μmol/mL) was also studied. Various amounts of packed beads (0.08, 0.4, 2, 4, and 8 μL) contained 1.2, 6, 30, 60, and 120 μmol/L of hydrazide groups (Figure 2(c) ). Absorbance increased linearly with an increasing amount of the hydrazide carrier.
Subsequently, the absorbance from the hydrazide groups on bead cellulose (10 and 100 μL) with functional group concentrations of 0.075 and 0.75 mmol was compared with the signal from the ADH solution with the same concentration of hydrazide groups as on the bead cellulose (Figure 2(d) ). The absorbances from both samples were in accord for both concentrations.
Hydrazide Functionalization of Carboxyl-Containing
Magnetic Particles. Three various MPs with carboxyl groups were used for hydrazide functionalization with ADH: SiMAG-carboxyl MPs, PGMA, and PHEMA MPs. The carboxyl-containing MPs were used as a negative control, and the MPs with a defined amount of hydrazide groups were used as a positive control. The newly tested technique with BCA and the conventional TNBS test were subsequently compared for the determination of hydrazide groups on the MPs mentioned in Table 1. 3.3. Determination of Hydrazide Groups on ADHFunctionalized MPs. In this experiment, various carboxylcontaining MPs were functionalized with hydrazide groups. The amounts of the hydrazide groups on the MPs and their controls (Table 1) were analysed using the newly tested BCA-based technique as well as the TNBS test routinely used for the determination of hydrazide groups. The method is based on the functional groups' reaction with excess TNBS Figure 3 ) were closely correlated, as indicated by the paired Student t-test (P = 0 0018) and the coefficient of determination (0.98). The importance of the negative controls, which were close to zero for SiMAG but 3.23 and 3.46 μmol/g for the PHEMA and PGMA MPs, respectively, was confirmed. Each matrix interacts with the BCA reagent individually, and so MPs must be explored on a case-by-case basis. It has been repeatedly established that determining the difference between the signal of the functionalized MPs and the signal of the appropriate negative control enables precise quantification as to the amount of bound hydrazide groups. The quantity of hydrazide groups was 2.74 μmol/g of SiMAG, 16.50 μmol/g of PHEMA MPs, and 11.41 μmol/g of PGMA-EDMA MPs. Such particles with estimated amounts of hydrazide functional groups could subsequently be applied to site-specific immobilization of glycoproteins.
Conclusions
A simple, one-step, rapid, low-toxic method for the quantitative determination of hydrazide groups on solid support using the BCA reagent was evaluated on various MPs, including macroporous bead cellulose, polymer MPs, and nonporous silica MPs. The conventional method using BCA for protein quantification in liquid media was here applied for the determination of hydrazide groups presented on magnetic spherical particles. This approach was successfully used for the evaluation of hydrazide functionalization of carboxyl group-containing MPs (PHEMA-COOH, PGMA-COOH, and SiMAG). The obtained results were confirmed using the previously established TNBS test. This work verified that the analytical technique based on BCA is suitable for the determination of hydrazide functional groups on MPs, which subsequently can be utilized for site-specific conjugation of glycoproteins and/or other bioapplications.
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